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< The electrode presents metallic platinum electrochemical ﬁngerprints.
< Chemical and mechanical stability are adequate to use the electrode for electrochemical devices.a r t i c l e i n f o
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The preparation and characterization of platinum electrodes on glass substrates obtained by the Pechini
method for a potential application as a counter electrode is presented in this paper. This method is based
on the dissolution of citric acid (CA) and hexachloride platinum acid (H2PtCl6) in ethylene glycol (EG),
and then calcinated in an appropriated temperature to produce the desired metallic ﬁlm. Character-
ization was carried out by X-ray diffraction, scanning electron and atomic force microscopy and cyclic
voltammetry. X-ray patterns of platinum on glass substrate showed the same features of the platinum
bulk metal as well as its voltammetric proﬁle. In order to determine the stability of the electrode, the
electrode was subjected to 5000 voltammetric cycles and polarized at constant current of 100 mA cm2
for at least 200 h, showing no considerable differences compared with the as synthesized electrode.
Moreover, the main advantage of the electrode is the low cost (US$ 0.03 cm2) of the prepared samples.
 2013 Elsevier B.V. All rights reserved.1. Introduction
The important properties of noble metals electrodes such as,
inertness at high positive overpotential and as electrocatalysts
for different processes, make them a powerful tool in different
electrochemistry devices [1e4] as well as in fundamental studies
on metal surface properties [5].
Since noble metals are expensive, it is important tomanufacture
these electrodes on a low-cost substrate as long as they retain
the same electrochemical and chemical properties observed in the
bulk material. Following this idea, in a previous work, our group
have demonstrated a facile way to manufacture Pt electrodes on
a low-cost substrate, titanium, which presents the electrochemical
and chemical ﬁngerprints observed in the bulk material [6].
The method used to synthesize the electrodes was the polymeric
precursor method (PPM) (also called Pechini method), in which
a metallic salt is dissolved in a mixture of ethylene glycol and citricx: þ55 16 3351 8214.
nesto@ufscar.br (E.C. Pereira).
All rights reserved.acid, giving rise to a polyester network containing the metallic ions
homogeneously distributed. The polymeric solution is then applied
onto the substrate and the metal oxide (or even metal itself) thin
ﬁlm is obtained by the calcination at adequate temperatures [7,8].
Several methods of producing platinum ﬁlms are known. In dye-
sensitized solar cells (DSSCs), for example, a thin layer of platinum
coating on the conducting glass is used as the platinized counter
electrode, exhibiting highly electrocatalytic activity for reduction of
triiodide [9,10], as well as other kinds of counter electrodes [11e13]
To manufacture these counter electrodes, usually, a few drops of
hydrogen hexachloroplatinate (IV) are placed in a conducting
substrate, such as ITO and FTO, and them calcined in an appro-
priated temperature [14e16]. Conductive transparent glass elec-
trodes are less expensive than noble metals one, but their price still
affects the ﬁnal price of the device. In addition, platinum ﬁlm can be
supported onto a substrate by high vacuum techniques, such as,
sputtering [17,18] or gas phase reactions of platinum compounds, as
chemical vapor deposition (CVD) [19,20]. These high vacuum routes
involve more than one step including different materials which are
necessary to obtain a mechanically stable electrode.
Fig. 1. X-ray diffraction analysis of the platinum thin ﬁlm (5 painted layers) onto glass
substrate. Precursor solution 1:8:32 (Pt:AC:EG) molar ratios, thermally treated at
500 C. Inset shows the x-ray pattern of the glass substrate.
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obtained by PPM onto common glass substrate. This kind of pro-
cedure is a simple and low-cost route to obtain platinum electrodes
with controlled apparent thickness and surface areas.
2. Experimental
The electrodes were prepared using a glass plate as support. The
glass was treated by sandblasting followed by a chemical treat-
ment, immersion in KMnO4 1 M solution for 1 h, washed in H2O2,
followed by immersion in a NH4OH: H2O2: H2O solution (1:1:5 M
ratio) at 80 C for 1 h. Finally it was washed with a large amount of
distilled water and dried at 110 C for 30 min.
The precursor solution was prepared dissolving citric acid
(SYNTH) in ethylene glycol (MERCK) at 60 C. Subsequently, H2PtCl6
(ALDRICH) was added into this solution in a molar ratio of Pt: CA:
EG (1:8:32).
The precursor solutions were painted with a brush onto the
support glass and the material was thermally treated at 130 C for
30min to eliminatewater, then at 250 C for 30min to improve ﬁlm
adherence, and ﬁnally at 500 C for 10 min to eliminate the organic
portion leading to the formation of themetallic ﬁlm. This procedure
was repeated 5 times. After the ﬁfth thermal cycle, a cooling rate of
5 C min1 was used. All the materials were obtained in static air
atmosphere.
X-ray diffraction (XRD) patterns were obtained using a SIEMENS
diffractometer model D-5000 with CuKa radiation and l¼ 1.5406A.
Morphology was investigated using a scanning electron microscopy
(SEM) (ZEISSmicroscope,model 105 DSM 940A) and by atomic force
microscopy, using a 2100 SPM microscope (Molecular Imaging)
model Pico LE operated in contact mode at room temperature
(25 C). A scanner of 10 mm and silicon probes (NanoSensors) with
spring constant of 0.12 Nm1 were used. AFM imageswere recorded
over a scan area from 0.5 mm 0.5 mmwith a scan rate of 0.5 line.s1.
The electrochemical characterization was accomplished using
a potentiostat/galvanostat Autolab model PGSTAT302N equipped
with scangen module. All the electrochemical experiments were
carried out at 25 C. The voltammetric curves were measured in
a 0.1 M HClO4 solution using a reversible hydrogen electrode (RHE)
as a reference electrode and a Pt plate (2 cm2) as counter electrode.
The sweep potential rate was 50 mV s1. Prior the experiments, the
solutions were deaerated with N2 for 30 min.
3. Results
The platinum load of the electrodes was 0.6 mg cm2, with
a thickness of 280 nm. The main advantage of the electrodes
prepared here is their low-cost which is about US$ 0.03 cm2. To
calculate the electrode cost, we considered the amount of platinum
in one square centimeter of the sample and the price platinum
metal in the international market. Then, the main purpose of the
following experiments is to show that the properties of the elec-
trodes are electrochemically stable and also present the ﬁnger-
prints of a polycrystalline platinum bulk electrode.
The X-ray diffraction data is shown in Fig. 1. It is possible to
observe platinum pattern peaks at 2q ¼ 39.5 (111), 45.9 (200), 66.9
(220), 81.6 (311), 85.0 (222), 102.5 (400) and 117.3 (331), which are
in agreement with (JCPDS 04-0802) ﬁle and also with the literature
data [6,2123]. The Pt mean crystallite size were determined from
the peak (111) line broadening using the DebyeeScherrer equation
[24], and the Pt mean crystallite size observed was 28.5 nm. Jan-
sonsson et al. [22] studied the deposition of TiePteC thin ﬁlms onto
Si substrate using DC-Magnetron Sputtering technique, and
observed the formation of a polycrystalline ﬁlm with an average
grain size of 10e20 nm. Sen and Sreemany [25] studying sputteredPt ﬁlms deposited onto glass substrate obtained a material with an
average crystallite size of 30 nm. Using the Bragg’s Law [24], the
lattice parameter observed for Pt/Glass was a ¼ 3.9308 A consid-
ering a cubic Fm-3m (225) symmetry, which is a slightly larger than
a ¼ 3.9231 A observed in the datasheet (JCPDS 04e0802) and
a ¼ 3.915A for Pt thin ﬁlm annealed at 500 C. Consequently,
the unit cells volume observed was 60.8 Å3 and 60.3 Å3 for Glass/Pt
and Pt foil respectively. Sen and Sreemany [25] observed that the
as-prepared Pt thin ﬁlms exhibited a compressive lattice strain.
However, after the sample annealing at 500 C for 60 min with
a 3 Cmin1 cooling rate (similar experimental condition presented
in this paper), the lattice strain became tensile and around 0.001%.
The lattice strain observed for Pt/Glass electrodes was 0.01%, and,
based on the slightly unit cells volume expansion, it is possible to
conclude that a tensile strain takes place on the Pt thin ﬁlm
deposited onto glass substrate. The origin of the tensile strain
could be related to the lattice mismatch and difference of
thermal expansion coefﬁcients between glass and Pt thin ﬁlm.
Finally, a broad peak appearing in the region of 2q ¼ 20 is related to
the glass substrate, as can be observed in the x-ray diffraction
(Fig. 1-inset).
Fig. 2 shows the SEMmicrographs of the Pt/Glass electrodes. The
sandblasting procedure can be well illustrated here, once irregu-
larities were created in the glass surface, which facilitates the
anchorage of platinum particles on the substrate (Fig. 2A and B).
When the sandblasting procedure was not performed (not shown
here), the Pt/Glass adherence was poor and the chemical and
electrochemical properties was lost after an initial measurement.
The Pt/Glass ﬁlm obtained using a polymeric precursor solution
shows a typical cracked structures of ﬁlms obtained from this
method [26,27] (Fig. 2C and D).
In Fig. 3 are shown the AFM images of the glass sandblasted
substrate and the Pt/glass ﬁlm. One can see that the glass substrate
shows a typical globular topography as well for the Pt/Glass ﬁlm. It
is also possible to observe on Fig. 3 that all glass substrate was
covered by a Pt ﬁlm. It is in agreement with the change in the
roughness median square (rms) values of 6.06 nm and 2.87 nm for
glass substrate and Pt/Glass ﬁlm, respectively, and with voltam-
metric proﬁles data discussed further. The Pt average particle
diameter is 24.60 nm and was calculated from Fig. 3b with ImageJ
software.
Fig. 2. SEM micrographs of A) glass, B) glass sandblasted, C) and D) Pt/Glass. The magniﬁcation was 500 for micrographs A), B) and C), and 2500 for D).
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registration of the voltammogram at 50 mV s1 in 0.1 HClO4, the
electrode was cycled at 500 mV s1 to clear and ensure a reprodu-
cible surface. The feature of this voltammetric proﬁle is similar to
those related in the literature where a platinum ﬁlmwas deposited
by the polymeric precursor method as well the process related
[6,28]. The processes can be associated to: i) hydrogen adsorption
and desorption between 0.05 and 0.4 V, ii) double layer region
between 0.4 and 0.8 V and iii) formation and reduction of PtO,
between 0.8 and 1.55 V and 1.55 V and 0.4 V, respectively. The
surface areas of the electrodes were calculated using the procedure
well established in the literature [29] which considers a charge
density of 210 mC cm2 as being equivalent to the desorption of
one hydrogen monolayer on polycrystalline Pt, and the relation
between the electrochemical area (Ae) and the geometric area (Ag)
was 60.
In order to investigate the electrode stability, two measure-
ments were performed. In the ﬁrst one, a voltammetric cycle was
measured immediately as synthesized and then after 5000 cyclesFig. 3. AFM images of the glass sandblasted su(Fig. 4). One can see that the behavior has not suffered a signiﬁcant
change after ﬁve thousand cycles, showing a good stability of this
ﬁlm. The other stability test was made applying a constant current
of 100 mA cm2 over than 200 h. The result is shown in Fig. 4 and
one can see that after 200 h applying 100 mA cm2, the electrode
behavior changed toward polycrystalline platinum and a little loss
of surface area occurred, once we can see a decrease in the cathodic
and anodic response. In general, all Pt/Glass electrodes remain
similar polycrystalline proﬁle as described previously for both
stability tests, and slightly differences can be observed, e.g. the
reduction of PtO, between 0.6 and 0.8 V.
These differences have been assigned to the reduced adsorption
strength of oxygenated species on these prepared electrodes, and
according to Norskov et al. [30], due to the downshift of the surface
d-band center.
Markovic et al. [31] also observed similar shift in the oxide
reduction peak obtained in the cathodic sweep during the cyclic
voltammograms for Pt-skeleton, Pt-skin and polycrystalline Pt and
correlated with d-band center values. According to the authors,bstrate A) and Pt/Glass ﬁlm electrode B).
Fig. 4. Voltammetric proﬁle for Pt/glass electrodes in 0.1 M HClO4 solution, sweep rate
of 50 mV s1 (A-dash) Pt/Glass as synthesized, (B-dot) Pt/Glass after ﬁve thousands
cycles, (C-solid) platinum bulk electrode (40) and (D-dash dot) Pt/Glass after 200 h
applying a constant current of 100 mA cm2. Normalized by geometric area.
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close to Fermi level [30], that is, in the present case: qOH Poly-
crystalline Pt < qOH Pt (2 h at 100 mA cm2) < qOH Pt (after 5000
cyles) < qOH Pt (as-prepared), respectively. According to Markovic
et al. [32], the positive shift of the Pt-OHads peak for polycrystalline
Pt indicates smoother and less oxophilic surface with signiﬁcantly
reduced number of low coordination surface atoms [32,33]. The
smoother characteristic of polycrystalline Pt compared to Pt thin
ﬁlm obtained by precursor polymeric method, as presented herein,
are in agreement with literature [6].
Finally, Ciapina and Ticianelli [34] studied the effects of acid
cycling and CO annealing on PtCo nanoparticles as prepared, and
compared to Pt/C. The authors also observed shifted in the PtO
reduction peak during negative-going sweep, and correlated the
strength of Pt-OHads interaction to differences in the surface
structure.
Although there are slightly differences in the voltammograms, it
does not affect the function of such electrodes as counter electrode.
Pereira et al. [6] studied Pt thin ﬁlm obtained by precursor poly-
meric method, as presented herein with electrochemical surface
area varying from 6.2 to 30.3 cm2. According to the authors, the Pt
thin ﬁlms electrodes exhibited higher stability even in H2SO4 and
HClO4 acid medium.
4. Conclusions
In this paper we have shown a low-cost and facile way to
manufacture a platinum ﬁlm on glass substrates electrode for
electrochemical applications. In order to obtain a good adherence
between the platinum ﬁlm and the glass substrate, the sandblasting
pre-treatment was crucial. This treatment generated irregularities
in the glass where the ﬁlm could be mechanical anchored and so,
increasing ﬁlm adherence.
X-ray diffractions showed the characteristic behavior of the plat-
inummetallic bulkaswell theelectrochemicalbehavior, showing that
this electrode is a good alternative for platinum bulk electrodes. SEM
micrographs showed a typical cracked structured ﬁlm synthesized by
Pechini method and AFM images showed a homogeneous distribu-
tion of platinum particles sizes. Furthermore, the smallest rms valueobtained for Pt/Glass ﬁlm are related to a ﬂatted and compact ﬁlm
compared to the glass sandblasted substrate.
The effects of stability test affect the Pt structural surface in
different ways. The positive shift of the Pt-OHads peak for poly-
crystalline Pt electrodes indicates smoother and less oxophilic
surface, compared to Pt/Glass as prepared and submitted to 5000
volmametric cycles and 100 mA cm2 up to 200 h.
Finally, as highlighted before, one of the main advantage of this
electrode is its low-cost (US$ 0.03 cm2).
Acknowledgments
The authors would thank ﬁnancial support from Fundação de
Amparo a Pesquisa do Estado de São Paulo (FAPESPe 2010/05555-2
and 2011/19865-6), Conselho Nacional de Desenvolvimento Cien-
tíﬁco e Tecnológico (CNPq e 140734/2012-0) and Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior (CAPES).
References
[1] S. Guo, E. Wang, Nano Today 6 (2011) 240e264.
[2] T. Brülle, W. Ju, P. Niedermayr, A. Denisenko, O. Paschos, O. Schneider,
U. Stimming, Molecules 16 (2011) 10059e10077.
[3] F.R. Brushett, M.S. Naughton, J.W. Desmond Ng, L. Yin, P.J.A. Kenis, Int. J.
Hydrogen Energy 37 (2012) 2559e2570.
[4] L.F.Q.P. Marchesi, F.R. Simões, L.A. Pocrifka, E.C. Pereira, J. Phys. Chem. B 115
(2011) 9570e9575.
[5] N. Matsumoto, X. Chen, G.S. Wilson, Anal. Chem. 74 (2002) 362e367.
[6] R.G. Freitas, R.T.S. Oliveira, M.C. Santos, L.O.S. Bulhões, E.C. Pereira, Mater. Lett.
60 (2006) 1906e1910.
[7] P.M. Pechini, United State, Patent Off, 3 330 697, 1967.
[8] M. Kakihana, J. Sol-gel Sci. Technol. 6 (1996) 7.
[9] M.K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphry-Baker, E. Müller, P. Liska,
N. Vlachopoulos, M. Gratzel, J. Am. Chem. Soc. 115 (1993) 6382e6390.
[10] N.Q. Fu, X.R. Xiao, X.W. Zhou, J.B. Zhang, Y. Lin, J. Phys. Chem. C 116 (2012)
2850e2857.
[11] V. Tjoa, J. Chua, S.S. Pramana, J. Wei, S.G. Mhaisalkar, N. Mathews, Appl. Mater.
Interfaces 4 (2012) 3447e3452.
[12] C.W. Kung, H.W. Chen, C.Y. Lin, K.C. Huang, R. Vittal, K.C. Ho, ACS Nano 6
(2012) 7016e7025.
[13] P. Joshi, L. Zhang, Q. Chen, D. Galipeau, H. Fong, Q. Qiao, Appl. Mater. Interfaces
2 (2010) 3572e3577.
[14] N. Papageorgiou,W.F.Maier,M. Gratzel, J. Electrochem. Soc. 144 (1997) 876e884.
[15] M.S. Góes, E. Joanni, E.C. Muniz, R. Savu, T.R. Habeck, P.R. Bueno, F. Fabregat-
Santiago, J. Phys. Chem. C 116 (2012) 12415e12421.
[16] T.Y. Cho, S.G. Yoon, S.S. Sekhon, M.G. Kang, C.H. Han, Bull. Korean Chem. Soc.
32 (2011) 3629e3633.
[17] J.E. Lim, J.K. Jeong, K.H. Ahn, H.J. Kim, C.S. Hwang, D.Y. Park, D.S. Lee, J. Mater.
Res. 19 (2004) 460e468.
[18] J.S. Agustsson, U.B. Arnalds, A.S. Ingason, K.B. Gylfason, K. Johnsen, S. Olafsson,
J.T. Gudmundsson, J. Phys. Conf. Ser. 100 (2008) 082006.
[19] N.L. Jeon, W. Lin, M.K. Erhardt, G.S. Girolami, R.G. Nuzzo, 13, 1997, 3833e3838.
[20] J.R.V. Garcia, T. Goto, Mater. Trans. 44 (2003) 1717e1728.
[21] J.I. Choi, J.Y. Lee, J.H.Park, J.H.Chae,H.J. Park,D.Kim, J. Phys. Chem.Solids70 (2009)
272e275.
[22] E. Lewin, K. Buchholt, J. Lu, L. Hultman, A.L. Spetz, U. Jansson, Thin Solid Films
518 (2010) 5104e5109.
[23] L. Qiao, X. Bi, Appl. Surf. Sci. 255 (2008) 3170e3174.
[24] B.D. Cullity, Elements of X-ray Diffractions, second ed., Addison-Wesley, New
York, 1978.
[25] M. Sreemany, S. Sen, Appl. Surf. Sci. 253 (2006) 2739e2746.
[26 ] J.C. Forti, P. Olivi, A.R. de Andrade, Electrochim. Acta 47 (2001) 913e920.
[27] A.J. Terezo, E.C. Pereira, Mater. Lett. 53 (2002) 339e345.
[28] R.G. Freitas, L.F.Q.P. Marchesi, M.R. Forim, L.O.S. Bulhões, E.C. Pereira,
M.C. Santos, R.T.S. Oliveira, J. Braz. Chem. Soc. 22 (2011) 1709e1717.
[29] S. Trasatti, O.A. Petrii, Pure Appl. Chem. 63 (1991) 711e734.
[30] V.R. Stamenkovic, B.S. Mun, K.J.J. Mayrhofer, P.N. Ross, N.M. Markovic,
J. Rossmeisl, J. Greeley, J.K. Norskov, Angew Chem. Int. Ed. 45 (2006) 2897.
[31] V.R. Stamenkovic, B.S. Mun, M. Arenz, K.J.J. Mayrhofer, C.A. Lucas, G. Wang,
P.N. Ross, N.M. Markovic, Nat. Mater. 6 (2007) 241.
[32] V.R. Stamenkovic, B.S. Mun, K.J.J. Mayrhofer, P.N. Ross, N.M. Markovic, J. Am.
Chem. Soc. 128 (2006) 8813.
[33] V.R. Stamenkovic, B. Fowler, B.S. Mun, G.F. Wang, P.N. Ross, C.A. Lucas,
N.M. Markovic, Science 315 (2007) 493.
[34] E.G. Ciapina, E.A. Ticianelli, Electrochim. Acta 58 (2011) 172.
